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SUMMARY 

As par t  of a general  investigation of the  seriousness of the high- 
altitude clear-air  turbulence problem, a program fo r  the collection of 
pilots '   reports  of clear-air  turbulence  encountered  in normal c i v i l  and 
military  operations was undertaken i n  1949. A simple postal-card 
questionnaire was distributed to groups of c i v i l  aircraft operators and 
selected military units. This paper  presents a summary of the data 
obtained  fromthis  survey together wfth some additional  reports from 

two years, 443 cases of high-altitude  encounters of clear-air  turbulence 
were reported. O f  these  reports, two-thirds were concerned w i t h  turbu- 
lence of moderate  and severe  intensity. These reports  indicated that 
the turbulent  areas are patchy  with more than half less than 50 miles 
in   horizontal   extent  and 2,OOO feet in  vertical  thiclmess. Although 
the frequency of occurrence of turbulence a t  high altitudes appears 
to  be considerably less than a t  l o w  alt i tudes,   turbulence  at   high alt l-  
tude s t i l l  appears t o  occur with sufficient  frequency t o  be a factor  in 
the  design and operation of a i rcraf t .  

r 

Y Air Weather Service  reconnaissance flights. In a period of about 

INTRODUCTION 

One of the problems associated  with the design and operation of high- 
a l t i tude   a i rc raf t  is the frequency and severity of atmospheric  turbulence 
at higher altitudes. 'Because of the   scwci ty  of information on this 
subject, an extensive program f o r  the investigation of high-altitude tur- 
bulence w a s  undertaken by the National Advisory Ccmnnfttee for Aeronautics 
in  order t o  establish  the  frequency,  intensity, and other  characterist ics 
of this   type of turbulence.  This program, carried  out in cooperation 
with the Air Transport  Association of America, the Air Weather Service, 
the U. S. Weather Bureau, the U. S. Navy,  and the U. S. Air Force, con- 
sisted of three  phases: the collection of p i l o t s '   r e m r t s  of clear- 
air turbulence the collection of airplane measurements of turbulence . 

"S 
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from routine and special  airplane  operations, and atmospheric  soundings 
w i t h  a specially developed  balloon-borne  turbulence t e l e m e t e r  instrument. 
This paper d e a h  only w i t h  the phase of the program which involved  the 
collecting and analyzing of pilots'  reports  oFcle8.r-air  turbulence. 

For the purpose of col lect ing  pi lots '  reports of clear-air  turbu- 
lence, a simple postal-card  questionnaire form was distributed to c i v i l  
and military authorit ies.  In addition,  pilots '   reports of clear-air  
turbulence  encounters were also obtained from weather reconnaissance 
airplanes of the Air Weather Service. The collection  of  these  pilots'  
reports wa6 an attempt fo r  an  early and qualitative assessment of the 
seriousness of the high-altitude clear-air  turbulence problem. The 
collection of a s e t  of documented cases of turbulence was also expected 
t o  be useful   in  the development of synoptic  forecasting  techniques. This 
second consideration is  being  explored by the U. S. Weather Bureau and 
early resul ts  have been reported (see ref. 1). 

Since a large s m l e  of p i lo t s  ' reports i s  now available, a summary 
of the  reports  received t o  date has been prepared and is  presented  herein. 
Although many encounters of clear-air  turbulence w e r e  probably  not P 

reported,  the  presenereports  indicate the scope of the problem. In this 
paper the available data are summarized and examined f o r  their irqplica- 
t ions i n  regard t o  .the frequency and intensity of Mgh-altitude clear-air  
turbulence and the variation of these quantities wikh altitude and season 
of the year. In addition, the information  obtained from these reports 
on the horizontal  extent and vertical  thickness of the  turbulent  areas 
i s  presented in  order t o  provide a description of the physical dimensions 
of turbulent areas. 

Y 

. . .  

SCOPE OF DATA AND RESULTS 

The basic  data  consist  solely of pi lots '   reports  of clear-air  turbu- 
lence  encounters a t  higher al t i tudes and were obtained  primarily from 
three sources: Air Weather Service  reconnaissance flights, routine 
military operations within  con-t;inental United S t s t e a  ( p r i m i l y  fighter- 
a i r c r a f t  ), and routine commercial transport. In  addition, a small num- 
ber of reports from NACA airplanes vere received.& were grouped with 
the reports from m i l i t a r y  operations.. m e  latter two sources  provide 
their data i n  the standard  questionnaire developed f o r  this program. 
A sample of a completed postal-card questionnaire is shown i n  figure 1. 

following manner w a s  used to classify the turbulence  intensity: 
all cases the same h s i c  and simple turbulence scale defined in the 

Wbulence  inteneity:  Definition 

Slight . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Perceptible 
-rate . . . . . . .  . . . . . . . . . . . . . . . .  Difficulty walking 
Severe CbJects thrown around c a b h  . .  . . . . . . . . . . . . . . . . . .  

.. 
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T 
The intensity of the reported  turbulence i5  thus a rough qualitative 
measure and dew- to  some extent on the airplane characterist ics,   the 
p i lo t ,  and particularly on the flight speed of the airplane. - 

The t o t a l  nunher of reports  received from each of the data sources 
are summarized by  turbulence  intensity in the following table: 

Turbulence Reconnaissance Civil  
intensity . 1 f l i gh t s  transport 

slight 26 lo5 " 16 
Mderate 

78 334 31 Total 

7 36 Severe 
45 193 - 15 

In a number of cases, the reports were incomplete, fa i l ing   to   spec i fy  
such items aa altitude,  turbulence  severity,  or  duration. These cases 
were used for   the items available and, as a consequence, the t o t a l  num- 
ber of reports on a specific item w i l l  dfffer.  

T n  

- Because of general differences In airspeed  range and pilot   experi-  
ence, the three sources of data (reconnaissance flights, military fighter 
operations, and civil   transport   operations),  have been evaluated and pre- 
sented  separately as w i l l  be described. 

Air Weather Service  Reconnaissance Flights 

The p i lo t s  of  the B-29 airplanes  operated by the Air Weather 
Service over the northwest Pacif ic  Ocean reported all clear  turbulence 
encounters in their routine missions. The weather reconnaissance f l i gh t s  
are such that practically a l l  the fly- is done over water at  either 
about 10,000 feet o r  about 18,000 feet so that the  turbulence  reports 
are at those  levels. These data cover l y e -  of operations and repre- 
sent  close  to 7,000,000 mfles of flight. Sunana3ies of these data are 
given i n  table I and include the number of occurrences of turbulence by 
severity, the total m i l e s  flown,  and the miles of turbulent air encoun- 
tered during  each month. 

Military  Operations 

These data represent  reports from military  operations from selected 
* fighter-type  training  units  in  various  parts of continental  United  States 

over a period of about 18 months. A f e w  reports a i io  Lncluded i n  this 

. 
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group  were, however, obtained f'rom'boniber-type airplanes and from oper- 
a t ions at aeronautical  research  centers  in various parts of the  country. 
These data w e r e  intended t o  cover operations from an a l t i tude  of 
25,000 f e e t  t o  45,000 feet;  although  contrary t o  the instructions on 
the postal  cards, a f e w  a s e s  of turbulence below 25,000 f e e t  were also 
reported. These cases were included i n  the present summary f o r  cam- 
pleteness.  Unfortunately, no data were av-&ilable on the total amount 
of f lying performed i n  the operations covered. 

In order t o  determine whether these data indicated any trends  in 
regard t o  variations of turbulence w i t h  season of the year and w i t h  
altitude, the  distributions of turbulence reports f o r  the moderate and 
severe  cases were determined by the month of the year  (table 1 1 )  and by 
altitude of flight (table 111). For ease of interpretation, the primary 
resu l t s  are summarized in   f igures  2 and 3, respectively, f o r  the corn- 
bhed  moderate and severe  turbulence reports. me data f o r  the light- 
turbulence  cases were intentionally  not used as these  reports were f e l t  
to  be seriously  affected by the  speed of the airplane and the  pi lots '  
discretion. 

Civil  Transports 

Data are  presented which cover  a  period of about 18 months i n  which 
the p i lo t s  of civil transports  within the continental lWts of the 
United S t a t e s  reported on clear-air  turbulence which was encountered 
a t   a l t i t udes  above 10,OOO f e e t  and a t   l e a s t  5,OOO f e e t  above terrain. 
The reports were also made on postal-card  questionnaires of the  type 
shown i n  figure 1. In general,  these flight operations  did.not  include 
al t i tudes above 25,000 fee t .  

A s  with military  operations, the dis t r ibut ion of reports by mnth 
and  by a l t i tude  were determined  separately for the moderate and severe 
turbulence  cases and are given in  tables I1 and IIT, respectively. The 
results  obtained  are also shown In figures 2 and 3 f o r  the combined 
moderate  and severe  turbulence  cases. 

DISCUSSION 

Frequency of Clear-Air  Turbulence 

O f  the total 443 cases  reported, 296 have  been of moderate and 
severe  intensity.  Since this program covered  perhaps as many as several 
million flight hours, the over-all  incident rate of t h i s  type of .turbu- 4 

lence appears lower than that normally associated  with air operations at 
the lower alt i tudes  (see,  f o r  exanrple, ref.  2) . It would thus appear that, . 
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-I for  operations a t  higher  altitudes (above perhaps 35,000 f ee t  1 where 
turbulence may be  expected t o  be primarily a clear-air phenomena, the 

for  operations  at  the lower alt i tudes.  This indication  appears  to be 
confirmed by other data recently  obtained  in flight-test investigations, 
reference 3. 

.o over-all  occurrence of turbulence would be  substantially lower than 

In view of the evidence from the present data and other  sources now 
available, it appears that the frequency of turbulence and particularly 
clear-air  turbulence a t  higher al t i tudes is considerably  less than that 
a t  low alt i tudes.  Because of this reduction w i t h  altitude, it may be 
anticipated  that high-altitude-operating airplanes w i l l  encounter sub- 
s tan t ia l ly  fewer gusts than low-altitude-operating  airplanes. In  view 
of the number of cases reported  in  the  present  survey,  over 400, turbu- 
lence a t  high a l t i tude  s t i l l  appears t o  occur w i t h  suff ic ient  frequency 
t o  be a factor  i n  the design and operation of a i rc raf t .  The f ac t   t ha t  
turbulence a t  the  higher altitudes occurs  predominately i n  clear air 
poses a special  problem i n  that airplanes nray be  expected t o  run into 
turbulent areas without  warning and a t  high speed.- 

& 

Geography and Season 

In order t o  determine  whether the pilots '   report  data indicated 
- 

any variations of turbulence  with geography and season of the  year,  the 
avaflable data were examined f o r  geographical and seasonal  variations. 
C l e a r - a i r  turbulence w a s  evidently  reported  in a l l  parts of the U n i t e d  
States with no readily apparent  indications  of  geographical  variations. 
The dis t r ibut ion of observations of the turbulence  reports  over the 
ZTnited States  did  not,  therefore,  appear to warrant further &nation 
in   de t a i l .  The distribution of pi lots '   reports  by month and year shown 
in   f i gu re  2, however, appeax t o  show a marlred predominance  of turbulence 
reports during the spring  seasons of the year. Although the number  of 
flights varied by season of the year due t o  weather and t r a f f i c  consider- 
ations and were believed t o  be influenced by gaeolfne shortages  during 
the period, it is believed that the indications of a predominance of 
clear-air  turbulence  reports during the  spring may be real and warrants 
verification. 

Distribution W i t h  Altitude 

The distribution of turbulence  reports w i t h  a l t i tude  sham in f ig-  
ure 3 unfortunately  gives l i t t l e  indication of the variation  of turbu- 
lence  frequency  with altitude, due t o  the lack of information on the 

reports from the  civil   transport   operations  principally  reflect  the 
alt i tude  l imitations of the  present equipment i n  transport use which 

- flight times at the various  altitudes. The lower a l t i tudes  of the 

a 
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preclude  operations much above 25,000 feet .  It is of interest   to   note  
that of the 229 military  reports of high-altitude  turbulence, 60 were 
a t   a l t i t u d e s  above 35,000 feet.  

An inspection of the summary of the Air Weather Service  reports  in 
table I indicates that the portion of the flight miles i n  rough a i r  was 
O.OOOl5 and 0.00050 for  operations a t  10,000 feet and 18,000 feet, 
respectively, and i n  no cases was heavy turbulence  reported. It is 
obvious,  therefore, that, a t  least for  the  region  studied,  the  occurrence 
of clear-air  turbulence a t  moderate altitudes over  oceans is relat ively 
rare  and  does not  appear t o  be a serious problem. The increase in turbu- 
lence  frequency w i t h  increasing  altitude  indicated by the data of table I 
appear  contrary t o  what has been regarded as common experience. No 
explanation of this result  appears  evident  although it m y  be associated 
w i t h  local   var ia t ions  in  wind velocity w i t h  al t i tude.  

Horizontal  Fxtent  of the Turbulent Areas 

%st of the  pilots '   reports provided  information on the horizontal 
extent  of the turbulent areas, which, i n  miles, is summarized for  both 
the mflitasy and civil  operation  reports of moderate and severe  turbu- 
lence in table IV for encounters above and below 30,000 feet .  This 
separation of the data  into groups oFabove . a n d  below 30,000 feet w a s  
made i n  order to provide  information on the  possible  variation w i t h  
a l t i tude of the turbulent-area  dimensions. The over-all   distribution 
of the horizontal extent of  turbulent areas is shown separately i n  f ig -  
ure 4 for  above and b e l o w  30,000 feet. 

Inspection of figure 4 indicates that most -of the turbulent areas 
were of re la t ively small spatial extent w i t h  more than half the  cases 
reported  having  horizontal  extents less than 50 miles. A few cases 
were reported, however, i n  which the turbulent areas were widespread 
and extended  over 500 miles.  From figure 4 and the average values given 
in   t ab le  N, it appears that the  turbulent areas have about the same 
horizontal dimensions above and b e l o w  an al t i tude of 30,000 feet. A 
separate  examination of the severe and moderate turbulence  occurrences, 
table IV, gives some Indication that the areas of severe  turbulence were 
larger than the dimensions fo r  moderate occurrence. 

Vertical Thickness of Turbulent Areas 

Since the vertical  thickness  could be determined only if  the a i r -  
plane  encountered the turbulent areas during climbing or descending, 
only a part of' the  reports, roughly, one-third,  contained  information 
of the vertical  thickness  of the turbulent  areas. The available data 
on turbulent-area  vertical  thickness  are summarized in   table  V and show 
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1 the  distribution of layer  thickness f o r  the  encounters above and below 
30,000 feet. As i n  the case of the horizontal  extent of the turbulent 

moderate and severe  turbulence. 'Iche over-all distribution of ver t ica l  
thickness is shown separately  in  figure 5 fo r  above and below 30,000 feet .  

- areas,  these data cover both the mflitary and civil   operations f o r  

Inspection of figure 5 indicates that the  turbulent  areas were 
generally thin w i t h  more than half the cases reported having a ver t ica l  
t h i c h e s s  below 2,000 feet .  One case w a s  reported to  be 14,000 feet 
thick and occurred above 30,000 feet. 

Figure 5 and table V also indicate that a e l i&  var ia t ion  of 
thickness w i t h  a l t i tude  may ex i s t  w i t h  the average  layer thicker below 
3O,OOO feet. There is  also an indication from table V that the areas 
of severe  turbulence were of larger  vertical  thickness. The average 
thickness w a s  a b u t  3,000 fee t   for   the  moderate  cases and almost 
4,000 feet f o r  the  severe  cases. The re lat ively small vert ical   extent  
of  the  turbulent  areas  as compared with the horizontal  extent  indicates 
that a change of airplane al t i tude  offers  the best operating  practice 
f o r  getting  out of turbulent areas. 

i 

. SUMMARY OF RESulLcs 

A two-year survey of high-altitude aircraft   encounters of clear- 
air turbulence  based on pi lots '   reports  from selected  military and c i v i l  
operations has indicated the following  results: 

1. A'total of 443 cases of high-altitude  clear-air  turbulence were 
reported of which more than  two-thirds  represented  occurrences of 
moderate and severe turbulence. 

2. Although the amount of f lying covered i n  the survey is not 
known, a rough estimation  suggests that this program covered as many 
as several million flight hours. It thus appears that the over-all  
frequency of  encourrtering  turbulence a t  the higher alt i tudes,  above 
25,000 feet, is small and is substantially lower than f o r  normal oper- 
ations a t  lower al t i tudes.  

3. The data indicated mre turbulence a t  the hfgher altitudes . 
during the spring season than during  other seasom of the year. 

4. The horizontal dimgnsions of the  turbulent  areas varied from a 
few m i l e s  to, in   a  f e w  cases, many hundreds of miles  although more than - half the cases reported had dimensions of less than 50 miles. 
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5. The ver t ical   extent  of the turbulent areas varied over a range 
of several hundred feet t o  roughly 10,000 f e e t  w l t h  more than half the 
cases  reported having thicknesses of less than 2,000 feet. 
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TABU I.- SUMMARY QF CIEAR-AJR TURBULENCE REPORTS BY AIR WEATlBR SERVICE 

RECOIJNAISSAIY%E AIRPLANES OPERATING OVER NORTHWEST P A C I F I C  OCEAN 

10,000-foot altitudes 

Month ll Number of 
occurrences 

1951 
April 
Me;y 
Jme 
Jus. 
A w t  
September 
October 
Rovember 
December 
._c 192 
JanUaV 
February 
March 

Total 

&L 

3 

3 

T I Miles i n  Total m i l e s  
turbulence f lam 

20 

l.lnhown 

273 
36 

, 232,500 

140 , 200 

, 201,500 

I 218,300 

164,000 

lWJ 4O0 
1 232J000 

182 ) 600 
i 186,000 

187 I 500 

184,000 
191 ) 500 

2,310,500 

a I, Wght turbulence  (perceptible ). 
'M Maderate turbulence (difficulty walking). 
'E Heavy turbulence (objects thrown about cabin). 

18,000-foot altitudes 

Number of 
Occurrences 
c_ 

aL 
" 

" 

L 

Mtles i n  
turbulence 

45 
200 

100 
100 
22 
120 

556 

104 

120 
470 

1837 

1 

I 
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Month 

lloderste Werate Severc 

1950 
January 
February 
"Ch 
A p r i l  
Msy 
Jime 
July 

September 
October 
Noveniber 
December. 

L S  
January 
February 
piarch 
A p r i l  
myLur 
June 
JU 
A u g u s t  
September 
October 
November 
Deceniber 

4 
3 
2 
4 1 

1 

3 

2 
21 6 
38 3 
17 1 
10 
13 1 
5 1 
7 3 
5 1 
4 2 

14 3 
20 9 
28 5 
25 1 
5 2 
4 
3 2 
1 
1 

238 43 

4 
3 
2 .  
5 

1 

3 

2 
22 4 
26 13 
ll 7 
9 1 

12 2 
4 
8 

2 
2 

5 1. 
4 I 

14 3 
23 5 
28 4 
26 
6 
4 
5 
1 
1 

45 

1 

2 
5 
1 
1 

1 
1 
3 
1 
1 

- 

5 
3.5 
7 
1 
2 
2 
2 
I 
2 

3 

17 
25 
10 
9 
33. 
3 
5 
4 
3 

3 

2 
27 
41 

10 
l4 
6 
10 
6 
6 

la  

ll 
I5 
24 
25 
5 
4 
3 
1 
1 

17 
29 
33 
26 
7 
4 
5 
1 
1 

1 
1 

1 

Totals 7 52 281 - 36 193 
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Altitude, 
Military airplanes 

I P t  hloderste 

10,000 eo l5,OOo 

45 25,000 to 30,000 

28 20,000 to 25,000 

13 15,900 to 20,000 

5 

3O,ooO to 35,000 

45,000 to 50,bM 

10 40,000 to &,O00 

40 35,000 to 40,000 

45 

TOM 

29J ban altitude 

1% 

Severe 

7 

10 

7 

4 

7 

1 

36 

Total 

5 

20 

38 

52 

49 

47 

10 

1 

222 

29,400 

C i v i l  airplanes II 
Moderate 

12 

28 

5 

45 

16,700 

Severe 

7 

18,200 

mtal 
Total  

13 

52 32 

18 

45 7 

52 

49 

47 

10 

1 

52 274 

1 6 , m  27,000 

1 
I 



- MACA RM L52L30a 

0 to 25 
25 to 50 
50 to 75 
75 to 100 
100 to 125 
125 to I50 
150 tu 175 
175 to 200 
200 to 225 
225 to 250 
250 to 275 
275 to 300 
300 to 325 
325 to -350 
350 to 375 
375 to 400 
400 to 425 
425 to 450 
450 to 475 
475 to 500 
500 to 525 
525 to 550 
550 to 575 
575 to 600 
600 to 625 
625 to Qo 
650 to 675 
675 to 700 
700 to 725 
725 to 750 
750 to 775 
775 to 800 
800 to 825 
825 to 860 
850 to 875 
875 to 900 
9 0  to 925 
925 to 950 

Frequency distribution 

Belox 30,000 ft I[ Above 30, OOO ft 

Severe 

9 
5 
4 
1 
I 
2 

1 
1 

1 

1 

1 

27 

125 

25 
22 
6 
5 
5 
4 
2 
4 
2 
2 
1 
2 
1 

1 

1 

1 

84 

90 

- 
B o t h  

25 
23 
8 
7 
6 
5 
2 
4 
2 
2 
1 
2 
1 

- 

2 

1 

1 

- 
92 

3 
- 

A U  altitudes 1 

9 
6 
6 
3 
2 
3 

1 
1 

1 

1 

1 

1 

35 

125 

vbdemte 

60 
53 
17 
13 
14 
6 
4 
6 
9 
2 
1 
2 
3 

2 
1 
2 
1 

1 

1 

86 

- 
30th - 
69 
59 
23 
16 
16 
9 
4 
6 
10 
3 
1 
2 
3 

3 
1 
3 
1 

1 
1 

1 

1 - 
233 

92 

- 
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1 Frequency distribution 

Above 30,OOO feet  1 All altitudes - 
Both Moderate Both Ebaerats 

1 
10 
8 
4 
31 
2 
12 

3 

6 

4 

2 
1 
1 
1 
1 

1 

1 

1 

90 

severe Moderate 

7 
4 
2 

19 
1 
6 

1 

2 

1 

1 
1 

1 

Severe 

1 
1 
1 

3 
1 
2 
2 
1 
1 
3 
1 

1 

2 

€!Qth 

2 
ll 
9 
4 

34 
3 
14 

2 
4 
1 
9 
1 
4 

3 
1 
1 
1. 
1. 

3 

1 

I. 

>a0 
250 tCI 750 
750 to 1,250 

1,250 to 1,750 
1,750 ta 2,250 
2,250 .tO 2,750 
2,750 k 3,250 

3,750 to 4,250 
4,250 to 4,750 
4,750 ta 5,250 
5,250 to 5,750 

3,250 .3,750 

5 , p o  to 6,250 
6,250 to 6,750 
6,750 t;o 7,250 
7,250 7,750 
7,750 t o  8,250 
8,250 to 8,750 
8,750 k~ 9,250 
9,250 to 9,750 
9,750 t o  10,250 

10,250 to 10,750 
10,750 tCI ll,250 

13,750 to 14,250 

1 
1 
1 

3 
1 

1 
1 
3 
1 

1 

1 

1 
3 
4 
2 
12 
1 
6 

2 

4 

3 

2 

1 
1 

1 

1 

2 
4 
5 
2 
E 
2 
6 

3 
1 
7 
1 
3 

3 

1 
1 

2 

1 

7 
4 
2 

19 
1 
8 
2 
1 

2 

1 

1 
1 

1 

3, 

51 44 59 5 46 20 110 

3,400 3,500 4,600 2,600 4, 3,200 

p 



14 NACA RM L52L30a 

Figure 1.- Sample of canpleted  turbulence  questionnaire report. 
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F'igure 2.- Number of pilot's reports of turbulence by month and year. 
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Figure 3.- Frequency distribution of turbulence reports with altitude. 
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Figure 4.- Frequency dietrlbution of horizontal  extent of turbulent area. 
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